Abstract. An ion of m/z 110.06036 (ion formula [C 6 H 8 . Theoretical calculations using Density Functional Theory (DFT) at B3LYP/6-31 g(d) level suggest that an ion-neutral complex containing a water molecule and a nitrilium ion was formed via a transition state (TS-1), followed by the water molecule migrating to the anilide ring, eventually leading to the formation of the rearranged ion of m/z 110. The rearrangement can be generalized to other protonated amide compounds with electron-donating groups at the meta position, such as, -OH, -CH 3 , -OCH 3, -NH(CH 3 ) 2 , -NH-Ph, and -NHCOCH 3 , all of which show the corresponding rearranged ions in MS/MS spectra. However, the protonated amide compounds containing electron-withdrawing groups, including -Cl, -Br, -CN, -NO 2 , and -CF 3 , at the meta position did not display this type of rearrangement during dissociation. Additionally, effects of various acyl groups on the rearrangement were investigated. It was found that the rearrangement can be enhanced by substitution on the ring of the benzoyl with electron-withdrawing groups.
Introduction
M ass spectrometry (MS) has been widely used in many areas, including environmental analysis, food and drug analysis, synthetic polymers and bio-polymers etc. Furthermore, it has yet to reach its full strength because of the continuous development in ionization methods, analyzers, detection systems, electronic systems, and software. Traditionally, MS is considered to be superior in sensitivity, speed, and specificity in detecting a chemical species; however, it is usually a challenging task when one intends to differentiate isomers of compounds.
Tremendous efforts have been made with MS techniques for the identification of positional aromatic isomers [1] [2] [3] [4] [5] [6] [7] [8] . Unlike radical ions generated with electron impact (EI) ionization [9] , most of the modern atmospheric ionization (API) methods produce even-electron gaseous ions. In a typical CID MS/MS experiment, an ionized precursor is mass selected and subsequently activated in the collision cell, leading to fragments that can provide structural information. The applied energy can be fine-tuned to generate different fragmentation patterns, which could be unique among isomers. In some cases, the generation of one or more fragments may be diagnostic to one of the positional isomers. Experimental examples of Bortho effect [ 2, 6, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] and Bmeta effect^ [2, 7, 22, 23] of positional aromatic compounds have been recognized with different mass spectrometry techniques.
The gas phase unimolecular ion chemistry facilitated by MS usually involves formation of reactive intermediates, leading to final product ions. Ion-neutral complexes (INC) have been recognized as an important type of reactive intermediates, and many times formations of INC are critical steps of fragmentation pathways of ionized species [24, 25] . Evidence of INC have been frequently found in many ion fragmentation reactions with CID experiments [26] [27] [28] [29] [30] [31] [32] .
The current study investigates ionic fragments of protonated N-(3-aminophenyl)benzamide and its derivatives generated in MS/MS experiments. Ions formed through the N-O exchange were observed when there was an electron-donating group located at the anilide ring. Both experimental and theoretical studies suggested that a water-nitrilium INC was involved in the rearrangement mechanism. To the best of our knowledge, this is the first report of the N-O exchange rearrangement of protonated N-(3-aminophenyl)benzamide and some of its derivatives observed through MS/MS experiments. It is expected that this work will contribute to the understanding of fundamentals of unimolecular ion reactions in gas phase.
Experimental

Reagents and Solvents
All reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA), Matrix Scientific (Columbia, SC, USA), or Oakwood Chemical (Estill, SC, USA), and HPLC grade solvents were purchased from Fisher Scientific (Fair Lawn, NJ, USA). Water used in the eluent was obtained from a EMD Millipore Water purification system (Darmstadt, Germany), referred as Milli-Q water.
Preparation of Benzoyl-O
-chloride
A procedure similar to that described by Wnuk and co-workers was used for the preparation of O
18
-labeled benzoyl chloride. In this work, the hydrolysis of benzonitrile was conducted under atmospheric pressure instead of a sealed system as described by Wnuk et al. [33] .
To a 25 mL two-necked round bottom flask was added approximately 1.0 g of O 18 -labeled water. The flask was sealed with a suba-seal septa that was pierced with polyethylene tubing. The flask was cooled in an ice bath and hydrogen chloride gas was bubbled through the water for 10 min.
The concentrated HCl solution was transferred via pipette to a 50 mL round bottom flask and 1.78 g of benzonitrile was added to the reaction mixture. A reflux condenser was attached to the top of the flask and the reaction mixture was heated to 100°C for 20 h. The mixture was cooled to room temperature and cold sodium bicarbonate solution was added until the pH was 7-8. The aqueous layer was extracted and washed with dichloromethane (3 × 15 mL). The aqueous solution was acidified with concentrated HCl until the pH < 3 and the product was extracted with dichloromethane (3 × 20 mL).The combined organic cuts were dried with MgSO4 and the volatiles were removed by vacuum. Benzoic acid-O 18 was collected as a white solid (0.379 g, 18%).
To a 50 mL round bottom flask was added benzoic acid-O
(0.200 g; 1.6 mmol). Thionyl chloride (1 mL) was added and a reflux condenser was attached to the flask. The reaction mixture was placed into an 80°C oil bath and heated for 1 h. The reaction mixture was cooled to room temperature and the volatiles were removed by vacuum via rotary evaporation, leaving a light yellow oil.
1
H NMR spectroscopic analysis revealed a single molecule and the NMR spectrum matched that previously reported [33] .
General Procedure of Preparation of Amide Compounds
All acyl chloride solutions were freshly prepared in acetonitrile (ACN) at 1 mg/mL. All amine solutions were freshly prepared in water (H 2 O) at 1 mg/mL. A portion of each acyl chloride solution was mixed with an amine solution with an equal volume and the mixture was allowed to stand for about 10 min. Each mixture was diluted with ACN 10-fold for analysis.
Liquid Chromatography/Mass Spectrometry (LC/MS)
Standard samples labeled BN-(3-aminophenyl)benzamidef rom Matrix Scientific, Oakwood Chemical and Aldrich were first analyzed with a Thermo Q Exactive Orbitrap mass spectrometer interfaced with a Thermo-Dionex Ultimate 3000 high performance liquid chromatograph system via a high voltage heated electrospray ionization (HESI) source operating in the positive ion mode. The HPLC column used for all LC-MS experiments was an Agilent Zorbax XDB-C18 (3.5 μ) with a dimension of 150 mm × 2.1 mm. Injection volume used for all experiments was 0.2 μL and the column temperature was held at a constant 45°C. Mobile phases for LC-MS experiments consisted of H 2 O and ACN with 0.1% formic acid using a constant flow rate of 0.6 mL/min. The gradient started at 85:15 H 2 O/ACN for 1 min and ramped to 85% ACN within 10 min and held for 5 min. The column was reequilibrated at the initial mobile phase composition for 5 min before the next analysis. The eluent was monitored with a UV diode array detector set at 254 nm with a bandwidth of 4 nm. The HESI conditions were as follows: spray voltage (+): 3500 V; capillary temperature: 320°C; sheath gas: 60; auxiliary gas: 20; spare gas: 1; probe heater temperature: 100°C; S-lens rf level: 50 V. The MS conditions were operated in full MS/data dependent (dd)-MS 2 mode. The MS conditions were: run time: 15 min; full MS resolution: 70,000; AGC target: 3e6; maximum IT: 100 ms; scan range: 100-1500 m/z; dd-MS 2 resolution: 17,500; AGC target: 1e5; maximum IT: 50 ms; loop count: 3; MSX count: 1; TopN: 3; isolation window: 4.0 m/z; data acquisition and analysis were carried out with the Xcalibur 2.0 software package.
All the amide solutions prepared in house were flow injected with ACN/H 2 O/formic acid (50:50:0.1) into the MS system. Injection volume was 1 μL. The HESI conditions were set as below: Spray voltage (+): 3500 V; Capillary Temperature: 320°C; sheath gas: 5; auxiliary gas: 1; spare gas: 0; probe heater temperature: 50°C ; S-lens rf level: 50 V. The MS conditions were operated in full MS/dd-MS 2 mode. The conditions were: run time: 1 min; full MS resolution: 70,000; AGC target: 3e6; maximum IT: 100 ms; scan range: 100-500 m/z; dd-MS 2 resolution: 35,000; AGE target: 1e5; maximum IT: 100 ms; loop count: 3; MSX count: 1; TopN: 3; isolation window: 4.0 m/z; fixed first mass: 50.0 m/z. For pseudo MS 3 experiments, the collision energy in source was set as 35 eV (unless it was stated) to induce dissociation. The mass accuracy from both MS and MS/MS experiments are within 4 ppm of error.
Computational Methodology
The structures of all the species in ground and transition states were optimized using Density Functional Theory (DFT) at B3LYP/6-31 g(d) level. This methodology was used in the past to predict trends in energetics of various reactions [34, 35] . In case of adducts, the basis set superposition error was corrected using the counterpoise method [36] . The vibrational analysis on the ground state geometries was performed and the lack of imaginary frequencies was used to ascertain the minima in the potential energy surface (PES). On the other hand, the same analysis on the transition state geometries indicated one imaginary frequency. In the latter case, the GaussView program was used to visualize the vibrational mode with imaginary frequency in order to ensure that the atoms moved along the desired reaction coordinate. The vibrational analysis was used to compute the enthalpy (H 298 ) at 298 K by augmenting zero point energy to the electronic energy, obtained from the optimization procedure. All calculations were performed using G09 suit of programs [37] .
Results and Discussion
Which is the Right N-(3-Aminophenyl)Benzamide?
During the LC analysis of a standard compound, N-(3-aminophenyl)benzamide obtained from different vendors, the observed retention times were significantly different for the Bsame labeled^compounds. These two standards were purchased from Matrix Scientific and Oakwood Chemicals, respectively. LC chromatograms [ Figure S1 in Supplementary Information (SI)] showed that the sample from Matrix Scientific eluted at 2.02 min whereas the sample from Oakwood Chemicals eluted at 3.75 min.
A close look at the ESI MS/MS spectra (Figure 1 ) of the two standards indicated that the Oakwood Chemical standard was actually 3-amino-N-phenylbenzamide, whereas the Matrix Scientific standard was the right compound, N-(3-aminophenyl)benzamide, 1. Ironically, one of two batches of BN-(3-aminophenyl)benzamide^ordered from Aldrich also turned out to be 3-amino-N-phenylbenzamide, 2, not N-(3-aminophenyl)benzamide, 1.
An Unusual Fragment Ion in the ESI MS/MS Spectrum of N-(3-Aminophenyl)Benzamide
Five distinctive ion peaks are present in the ESI MS/MS spectrum of protonated N-(3-aminophenyl)benzamide, 1 (top spectrum in Figure 1 
MS/MS of Protonated N-(3-Aminophenyl-d 5 ) Benzamide
From the above experiments, it is reasonable to conclude that the generation of the rearranged fragment ions is influenced more by the substitution of ring B than substitution on ring A. The ion formula of the rearranged ion of m/z 110 indicated that two hydrogen atoms were transferred along with the amido oxygen to ring B, while the N-C bond was broken. The first hydrogen should be picked up from solution during ionization but it was not clear if the second hydrogen was from the amido hydrogen or from ring A. The proton from solution is considered to primarily reside on the amido oxygen. This is supported by the calculated relative enthalpies of the three different protomers (Figure 3 ). Evidence for amido oxygen as the protonation site has been observed with infrared multiple photon dissociation spectroscopy for GlyGlyGlyH + and AlaAlaAlaH + in the gas phase by Wu and McMahon [38] .
To investigate if the second hydrogen was from the amido hydrogen or from ring A, deuterated N- 
Water-Nitrilium Ion Complex
Computational results indicated that a water-nitrilium ion complex intermediate b was formed via a transition state TS-1 (Scheme 1), which directly followed a hydrogen transfer between the amido nitrogen and the amido oxygen. Calculated relative enthalpies of the intermediate, transition state, and final products are illustrated in Figure 5 . The INC formed this way could further dissociate to give a nitrilium ion (e, m/z 195) by loss of the electrostatically bound H 2 O molecule. Alternatively, the H 2 O molecule could also migrate to ring B through the transition state TS-2, followed by cleavage of C-N bond. As a result, an intermediate product ion of m/z 110, (int-f, in which the proton is located on the O atom as shown in Scheme 1) was formed containing the transferred O atom. The conformation and the energy of TS-2 are reported in Scheme 1 and Figure 5 . Presumably, int-f tautomerizes to ion f via [1, 5] -proton transfer, (which is downhill by 30 kcal/mol), thanks to a higher proton affinity of the amino than the phenol moiety. However, it is not known if the final product is int-f or f because the two protomers are experimentally indistinguishable currently. Further investigation of the transformation from int-f to f is beyond the scope of this work and will be discussed elsewhere.
The results suggested that the ions formed due to cleavage of C-C bond (c in Scheme 1) or C-N bond (d) were kinetically more favored compared with the INC route (here, it is assumed that the kinetics of bond dissociation is comparable to its thermodynamics). On the other hand, the INC route led to thermodynamically stable products; formation of e and f were energetically downhill compared with c and d. Although, enthalpies of formation of e and f are comparable, the formation of f may be favored by entropy, which may be significant due to high effective temperature of these reactions [39] .
To further validate if the water molecule is migrating to the meta position w.r.t the amino group, from which benzonitrile is cleaved off, a pseudo MS 3 experiment was carried out by dissociating the ion of m/z 110 generated from protonated 1 by in-source CID. By comparison, the MS/MS spectra of protonated ortho-aminophenol, protonated meta-aminophenol, and protonated para-aminophenol were also collected. As shown in Figure 6 , the MS/MS spectra of protonated aminophenols display the same ion peaks, except that the peak intensity of the ion of m/z 92 is relatively higher for the ortho isomer than for the other two isomers. The MS 3 spectrum of protonated 1 is almost identical to the spectra of protonated meta-or para-aminophenol, which is also consistent with the calculated energies of the three ion isomers (see Supplementary  Figure S5 in SI). Assigning an unambiguous structure to the ion of m/z 110 was insubstantial due to a lack of sufficient experimental evidence; however, this observation did ascertain that the ion of m/z 110 is an isomer of protonated aminophenol, and it was not in disagreement with the proposed structure f based on the theoretical calculation.
Rearrangement of Benzamide with Substituents Other than Amino
MS/MS spectra of protonated benzamide compounds with varying substituents at the meta position of ring B were collected under the same conditions. When substituting the amino group with a benzamidyl group, a rearranged fragment ion of m/z 214.08607 was observed but with a lower intensity (1.7%) (Compound 3 in Table 1 ). Substitution with an acetamidyl group (Compound 4 in Table 1 
Substitution Effect of Acyl Groups on the Rearrangement
MS/MS experiments were performed for a group of protonated analogs of 1, with varying acyl groups under the same conditions ( Table 2 ). The acyl groups are categorized as (I) the benzoyl with electron-withdrawing substituents on the ring; (II) the benzoyl with electron-donating substituents on the ring; and (III) an acetyl group. The rearranged fragment ion of m/z 110 was observed in every case; however, the ion intensity changed with the type of chemical functional group within the ring. In general, the intensity decreased with electron-donating substituents (Compounds 14-16), but increased with electronwithdrawing groups (Compounds 17-23) . Moreover, the rearrangement also happened with an aliphatic acyl group like acetyl (Compound 24). The electronic effects of different substituents on the rearrangement are currently under investigation and will be published elsewhere.
To the best of our knowledge, a peak unique for the metaanilide isomer via N-O exchange has not been reported in CID mass spectra previously. A few examples of N-O exchange have been observed for aromatic nitro compounds in EI and MS/MS spectra of protonated species generated with a CI source [40] . In those cases, the loss of nitroso (nitrogen and oxygen exchange occurred before the loss of nitroso) was observed and the fragmentation may also be enhanced by the so-called Bortho effect^ [41] . An observation of Bmeta effectô n fragmentation of carboxyanilides was made by Attygalle and co-workers in negative CID spectra [2] . It was found that a peak for the (R-CO-NH) -anion was only observed for the meta isomers; however, no rearrangement was involved in this fragmentation. The same group also discovered an interesting Bortho effect^of N-acylanilines with a halogen substitution at the ortho position in EI spectra, where a peak specific to the ortho isomers was observed via loss of a halogen radical [10] .
Conclusions
T h e g a s -p h a s e c h e m i s t r y o f p r o t o n a t e d N -( 3 -aminophenyl)benzamide and its derivatives has been investigated experimentally and theoretically, which shows an interesting N-O exchange rearrangement via an INC and then a water migration pathway. The rearrangement is inhibited when electron-withdrawing groups are placed at the meta positions to the amido bond on ring B. The rearrangement is enhanced with an electron-withdrawing group, but is dwarfed with an electron-donating group on ring A. In the case of ring A being replaced with an aliphatic group (Compound 24) the rearrangement ion can still be observed but at a lower abundance. Computational results indicate that the INC route leads to thermodynamically stable products compared with other ion products (i.e., ions c and d) generated through competitive fragmentation pathways. The electronic effects of different 
